Abstract. Natural volatile organic compound (VOC) emissions were investigated at two forested sites in the southeastern United States. A variety of VOC compounds including methanol, 2-methyl-3-buten-2-ol, 6-methyl-5-hepten-2-one, isoprene and 15 monoterpenes were emitted from vegetation at these sites. Diurnal variations in VOC emissions were observed and related to light and temperature. Variations in isoprene emission from individual branches are well correlated with light intensity and leaf temperature while variations in monoterpene emissions can be explained by variations in leaf temperature alone. Isoprene emission rates for individual leaves tend to be about 75% higher than branch average emission rates due to shading on the lower leaves of a branch. Average daytime mixing ratios of 13.8 and 6.6 ppbv C isoprene and 5.0 and 4.5 ppbv C monoterpenes were observed at heights between 40 m and 1 km above ground level the two sites. Isoprene and monoterpenes account for 30% to 40% of the total carbon in the ambient non-methane VOC quantified in the mixed layer at these sites and over 90% of the VOC reactivity with OH. Ambient mixing ratios were used to estimate isoprene and monoterpene fluxes by applying box model and mixed-layer gradient techniques. Although the two techniques estimate fluxes averaged over different spatial scales, the average fluxes calculated by the two techniques agree within a factor of two. The ambient mixing ratios were used to evaluate a biogenic VOC emission model that uses field measurements of plant species composition, remotely sensed vegetation distributions, leaf level emission potentials determined from vegetation enclosures, and light and temperature dependent emission activity factors. Emissions estimated for a temperature of 30øC and above canopy photosynthetically active radiation flux of 1000 gmol m '2 s -i are around 4 mg C m -2 h -1 of isoprene and 0.7 mg C m '2 h -1 of monoterpenes at the ROSE site in western Alabama and 3 mg C m -2 h -1 of isoprene and 0.5 mg C m -2 h -1 of monoterpenes at the SOS-M site in eastern Georgia. Isoprene and monoterpene emissions based on land characteristics data and emission enclosure measurements are within a factor of two of estimates based on ambient measurements in most cases. This represents reasonable agreement due to the large uncertainties associated with these models and because the observed differences are at least partially due to differences in the size and location of the source region ("flux footprint") associated with each flux estimate.
Introduction
Ambient mixing ratios of volatile organic compounds (VOC) are important variables in the chemistry and transport models used to investigate regional tropospheric oxidant Oak-pine savanna occurs in upland areas and is dominated by several species of oaks including turkey oak (Quercus laevis), sandpost oak (Q. margaretta), and bluejack oak (Q. incana). Longleaf pine (Pinus palustris) and loblolly pine (P. taeda) typically are found in these areas as well. The pine-oak forests also occur in uplands and are characterized by a codominance of pine and oak in terms of leaf biomass, though pines comprise most of the woody biomass. These forests include loblolly pine (P. taeda), slash pine (P. elliottii), bluejack oak (Q. incana), and water oak (Q. nigra), along with persimmon (Diospyros virginiana) and black cherry (Prunus serotina). Age structure analyses comparing the oaks and the pines in these forests indicate that the oak are, on average, older that the surrounding pines. This suggests that the oakpine savanna is a relatively early successional community arising after a disturbance, probably fire, and that the pine-oak forest is a later successional community in the development of upland forests.
The bottomland hardwood forests are highly productive, tall-canopied communities occurring in moist and wet lowlying areas. These are characterized by a wide variety of species which vary in abundance from site to site. The two common trees in these forests are blackgum (Nyssa spp.) and red maple (Acer rubrum), with cypress (Taxodium spp.) in permanently inundated areas. There is a well-developed subcanopy tree layer in these forests that includes red titi (Cyrilla racemifiora) and sweetbay (Magnolia virginiana).
A land characteristics database was generated using the four visible and near-infrared bands of the Landsat multispectral scanner (MSS)sensor and is referred to in this paper as the • .-• .<•,.
•. supervised classification, in which spectral signatures are generated for each land use category using "training areas" and then used as a basis for classifying the rest of the image, and 
where Co is the concentration in the outlet airstream, Ci is the concentration in the inlet airstream, f is the flow rate into the enclosure, and B is the dry weight foliar mass within the enclosure. Air was passed over an enclosed emission source at a constant rate. Ambient air flowing into an enclosure was pumped through Teflon tubing from locations selected to minimize background concentrations. Uncertainties in Co, f, and B result in a total uncertainty of about _+10%.
Uncertainties in Ci result in approximately _+0.03 gg C g-1 h-I errors in flux estimates which are typically less than 5% of the emission rate for major VOC species. A sufficient flow rate, 1 to 10 L min-1 depending on enclosure size, was maintained so that the temperature, humidity, and CO 2 mixing ratios within the chamber were similar to ambient conditions. Individual leaves were sampled with a photosynthesis measurement system (LI-6200, LICOR, Lincoln, NE) with a 1.5 -L cuvette. This commercial system was modified to operate in an open-flow configuration and to allow sampling of inlet and outlet airstreams. Tree branches, shrubs, and ground cover were enclosed with bag enclosures that ranged in volume from 15 to 30 L. The bag enclosures consisted of a rigid aluminum frame covered by a flexible Teflon bag. Bag enclosures were supported by a tripod to minimize contact with the enclosed vegetation. Leaf temperature, enclosure temperature, relative humidity, photosynthetically active radiation (PAR), and general sampling conditions were recorded for each enclosure measurement. Photosynthesis, transpiration, and stomatal conductance of representative leaves were measured with a LI-6200 system. When an emission rate measurement experiment was completed, the foliage was cut and leaves were dried in an oven and weighed to obtain dry-weight biomass. The ratio of dry-weight leaf biomass to leaf area (measured prior to drying) was determined for each species to provide a conversion factor. Some enclosure air samples were analyzed for a variety of VOC and used to develop VOC emission potentials. These samples were analyzed by gas chromatography (GC) systems with cryogenic preconcentration using a flame ionization detector (FID) (HP5890, Hewlett Packard, Palo Alto, California) to quantify concentrations and a mass spectrometer detector (MSD)(HP5971, also Hewlett Packard) to identify compounds. The lower detection limit is approximately 10 parts carbon per trillion (pptv C) by volume for a 1-L sample using the GC-FID instrument [see Greenberg and Zimmerman, 1984] . This corresponds to a lower bound flux of less than 0.001 gg C g-1 h-1 for individual VOC. Most samples were analyzed at the field site within 48 hours. Representative samples were stored in stainless steel canisters and transported to a permanent laboratory to provide quality assurance and positive identification of all VOC compounds.
Other enclosure air samples were analyzed only for isoprene, ct-pinene, •-pinene, and limonene and used to investigate diurnal emission rate variations. These samples were collected in 20-mL glass syringes and analyzed at the field site using an isothermal gas chromatographic system with a reduction gas detector (Trace Analytical RGD-2). Ambient air samples were collected in Teflon bags using a whole air sampling unit similar to the system described by Zimmerman et al. [1988] . The samplers were attached to the tether line of a helium-filled tethered balloon or to a pulleymounted line on a tower. Automatic timers on the sampling pumps allowed air samples to be collected simultaneously at two to four heights between 10 m and 1 km above ground level. Sample periods were typically 15 min for the ROSE study and 30 min for the SOS-M study. All ambient air samples were analyzed by the GC-FID and GC-MSD systems described above.
The planetary boundary layer at both sites was characterized using an Advanced Data Assimilation System, tethersondes, and airsondes manufactured by AIR (Boulder, Colorado Table 1 show that forest cover estimates range between 66 and 77% around the ROSE site and 58 to 61% at the SOS-M site. These estimates agree quite well, given the different categorization schemes, e.g., some databases grouped areas as mixed forest and cropland, and that the databases represent different years, e.g., the LCC-MSS ROSE database is based on 1988 data while the geoecology and USDA sources represent data compiled between 1970 and 1982. As discussed in the following section, VOC emissions from the foliage of different forest species vary considerably. The emission potentials for different forest types can vary b y more than a factor of 5. We have grouped the forests at the two sites into three categories that roughly correspond to the three forest types used in early emission inventory procedures (e.g., Table 1 Table 2 indicate that the estimates for less common trees often differ by more than a factor of 10.
Zimmerman 1979). The four methods shown in
Estimates of some of the dominant trees including pines (Pinus spp.), sweetgum (Liquidambar styracifiua), and gum (Nyssa spp.) also differ considerably. Estimates of oak (Quercus spp.) foliar mass, the major source of isoprene emission in these forests, are fairly consistent among the four databases.
Emission Potentials
VOC emission potentials (the emission rate at a specified temperature and light intensity) of 30 plant species representing 20 genera were characterized by the measurements described in section 2.2. These plants include all of the species that contribute a significant portion (>0.5%) of the total foliar density at the two field sites. Average isoprene and monoterpene emission rates for each plant genus are shown in GC-MSD analyses indicated that a variety of oxygenated VOC compounds are emitted from trees. The compounds observed during this study include low molecular weight compounds such as acetone and methanol and higher weight compounds such as 2-methyl-3-buten-2-ol, 6-methyl-5-hepten-2-one, and n-alkyl aldehydes. The observation of direct emission of the alcohol, 2-methyl-3-buten-2-ol from loblolly pine (P. taeda)is the first to demonstrate that it is directly emitted by plants. This The predicted concentrations are based on fluxes estimated using the LCC-MSS landscape data and emission potentials from Guenther et al. [1994] . All samples were collected between 0800 and 1700 LST at heights above 40 m above ground level. Concentrations are in parts per billion of carbon.
10 6 molecules cm -3 and the OH diurnal variation described b y Lu and Khalil [1991] . Jacob et al. [1993] note that the few direct measurements of OH concentrations in rural air tend to be lower than those computed from photochemical models. This is probably because the models underestimate OH sinks such as oxygenated VOC. This 50% uncertainty in OH concentration translates directly into a 50% uncertainty in the box model flux estimates. Any error is likely to be systematic. Our estimates of the mean mixing ratio C added some uncertainty. For any one biogenic VOC profile the typical standard deviation of the mean mixing ratio was approximately 25% of the mean. We fit a reasonable vertical profile (Chameides et al. [1992] below 150 m and Moeng and Wyngaard [1989] for the rest of the mixed layer) to each observed mixing ratio profile and computed the vertical average of the fit to obtain C. Since this vertical variability is accounted for, the 25% standard deviation of the mean is an overestimate of the uncertainty in C. The uncertainty in C is likely to be random in sign from one profile to the next.
Another source of uncertainty in (5), are the estimates of zi from boundary layer radar during ROSE [White and Fairall, 1991] and airsonde and tethersonde profiles during SOS-M. The zi estimates typically have an uncertainty of about 15%, and errors are likely to be random.
We conclude that the flux estimated by equation (5) is subject to a total random uncertainty of about 25% due to the roughly 20% and 15% random, independent uncertainty in our estimates of C and zi, respectively. OH introduces an approximately 50% uncertainty in the flux and is likely to be a systematic error whose sign we do not know. Direct OH measurements will resolve this issue.
Mixed-layer gradient estimates. The isoprene and monoterpene mixing ratio profiles were also used to estimate surface fluxes using the mixed-layer gradient MLG technique. This technique assumes that boundary layer mixing is dominated by convective turbulence and that boundary layer conditions evolve slowly compared to the convective turnover time zi/w. of about 10 min (9.4 _ 3.3 min for SOS-M and 10.0 _ 4.0 min for ROSE), where w. is the convective velocity scale, typically about 1-2 m s -1 during midday. These assumptions, which we call the mixed-layer assumptions, require that all the terms in the vertical derivative of (3) Table 6 shows estimates of the lifetimes of isoprene and monoterpenes for these experiments. The roughly 1-hour lifetimes are fairly long compared with the 10-rain convective turnover time, but some overestimates of the fluxes may result from not accounting for this reactivity. Using the very simple argument of Davis et al. [1994] , we estimate that for a mean mixed-layer isoprene mixing ratio of 7.5 ppbv C, a surface flux of 4 mg C Figure 1 shows the landscapes around the two sites. It seems reasonable from the varying landuse seen in these aerial photos that the flux estimates at the SOS-M site are influenced from more spatial heterogeneity than the ROSE site, that variability exists at both sites on the scale of one to a few kilometers needed to disturb the mixed-layer assumptions, and that the pattern of heterogeneity is fairly random with respect to wind direction at both sites. We proceed therefore assuming that any variability in the vertical profiles caused by heterogeneous emissions is random and that our results averaged over all profiles are meaningful.
Comparison of box model and mixed-layer gradient methods.
Fluxes estimated using the BM and MLG methods are compared in Table 6 The predicted values are based on fluxes estimated using the land cover characteristics-multi spectral scanner landscape data and emission potentials from Guenther et al. [1994] .
Uncertainties in emission potentials contribute a large part of the overall uncertainty in emission model estimates. Isoprene emission rates for individual leaves tend to be about 75% higher than emission rates averaged over an entire branch due to shading on the lower leaves of a branch. Emission potentials of VOC compounds other than isoprene and monoterpenes are especially uncertain but may contribute significantly to the total flux.
Average daytime mixing ratios of 13.8 and 6.6 ppbv C isoprene and 5.0 and 4.5 ppbv C monoterpenes were observed at the two sites. Together, these biogenic compounds contain about 35% of the total carbon in nonmethane VOC and over 90% of the VOC reactivity with OH.
VOC fluxes estimated from ambient mixing ratios using a box model technique and a mixed-layer gradient technique agree within a factor of 2. Fluxes estimated by extrapolating enclosure measurements (emission model) and based on ambient mixing ratios (box and gradient models) were within a factor of 2 in most cases and within a factor of 3 in over 90% of all cases. Emission model estimates for isoprene were within 5% of those based on ambient mixing ratios at one site and 42% lower at the other site. Monoterpene emissions estimated by the emission model were about 60% lower than observed at both sites. A qualitative assessment suggests that higher monoterpene flux estimates should be expected from the ambient mixing ratio data which represent fluxes averaged over a smaller area surrounding the site. These results show that emission models can provide reasonable estimates of ambient isoprene and monoterpene mixing ratios. This comparison can be made with more certainty by obtaining (1) accurate estimates of the source region (flux footprint) associated with each ambient mixing ratio profile, (2) a better understanding of when the mixed-layer assumptions are valid, and (3)more accurate estimates of the variables used to estimate fluxes from ambient measurements (e.g., CI-t concentration).
